Chapter 9

Assignment 9 Solutions

6.5 Consider the avalanche device of the preceding problem.

a. Plot the S/N vs. M for values of M ranging from 1 to 100.

b. Find the approximate value of M, and S/N at M = My, from your graph.

c. Calculate the values of My and S/N at M = M from formulas and compare with
your graphical results of the previous question.

Solution: a) (Note: We will use F(M) = M”* = M"5 as in the previous problem.) The
signal-to-noise ratio is given by

S (mRoPyM)? /2 0.1)
N~ 2¢RoPyBM?25 + 2qip BM25 + 2qI,B + (4kTB/R;) " '
We know all of the values but M,
: : ) (M))?
<25z 080 583)(12X 0 M) _ 1 998 x 10-1701% A2, (9.2)
-2 _ 72.5
<i% >1 = 2¢RoPoBM (9.3)
= (2)(1.6 x 10719)(0.583)(1 x 107 ®)(1 x 101 M25
= 1.868 x 10723025 A2,
<i% >y = 2qIpBM?*> (9.4)
(2)(1.6 x 107"9)(1 x 1079)(1 x 10*)M>?
3.204 x 10724022 A?,
.2 _ _ —19 -9 4
<i% >3 = 2qI,B = (2)(1.6 x 107)(1 x 1079)(1 x 10*) (9.5)

3.204 x 10724 A?,
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and

AETB  (4)(1.38 x 10723)(300)(1 x 10%)
Rr 1x 104
= 1.657 x 10720 A%,

<7‘/%V>4 =

(9.6)

So we can write the SNR as

S 1.228 x 10717 M2
N 1.868 x 10=23M25 + 3.204 x 1024025 + 3.204 x 1024 + 1.657 x 10—20
1.228 x 10~ 17 M2

(2.19 x 10-23)M?3 + 1.656 x 1020

This function is plotted in Fig. 9.1.
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Figure 9.1: Plot of S/N vs. M for Prob. 6.4a.

b) From the plot we see that My, &~ 25 and that the maximum signal-to-noise ratio is
about 49.5 dB.

The computed value of M,y is found from

M2 A 2qIs + (4kT/Ry)
opt :I?q(RoPo +Ip
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1.38 x 10723)(300)

(2)(16 x 10-19)(1 x 10-9) +

M5 1 x 104
opt (0.5)(1.6 x 10=19)((0.583)(1 x 10=8) + 1 x 109
~ 3.03 x 10°
My ~ (3.03 x 10%)1/25 = 24.7.
The signal-to-noise ratio at the optimum value of M is
S 1.228 x 107" M2, 08
N (219 x 10-B)MZF + 1.656 x 10-2 (98)

1.228 x 10717(24.7)2
(2.19 x 10723)(24.7)25 4+ 1.656 x 1020
= 9.03 x 10" = 49.55 dB.

These calculated results compare favorably with the graphical results.

6.6. Consider a silicon avalanche photodiode with parameters as given below operating in a
link with no intersymbol interference present.

F(M) = M

Responsivity (at M =1) = 0.3 A/W
Surface dark current = 1 pA
Temperature = 300 K

R, =1k

Bulk dark current =1 nA
Bandwidth of receiver = 10 MHz

a. Calculate the dc optical power that must be incident on the detector to make the optimum
gain of this amplifier have a value of 80.

b. With a value of gain of 80 calculate the ratio (in dB) of the mean-square noise current
due to the shot noise caused by the bulk dark current to the mean-square noise current due
to the thermal noise.

Solution: We are given that F(M) = M%*, Ry = 0.3, I, = 1 x 1076 A, T" = 300K,
R, =1x10%Ip=1x10"% and B =1 x 106.

a. We are given that M,y = 80 and find the power P from

e 20l (4KT/Ry)
opt ]Iq(R()PO —|—ID>

(2)(1.6 x 10~19)(1 x 10-6) + (4)(1-38121?(;3)(300)

(0.4)(1.6 x 10-19)(0.3P + 1 x 1079) ’

(80)%4

%
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SO

1.692 x 10723
(0.4)(1.6 x 10-19)(80)24
0.3P = 6.159 x 1077

P = 205x10°® W=20.5nW.

0.3P4+1x107? =7.159 x 10° (9.11)

b. The ratio of the shot noise due to the dark current (< % >1) to the noise due to
thermal noise (< i% >3) is
<i% >1 _ 2qIpBM*F(M) 9.12)
<id >y 4kTB/R;, '
(2)(1.6 x 10719)(1 x 1079)(80)24
[(4)(1.38 x 10723)(300)/(1 x 10%)]
= 0.710 = —1.466 dB.

6.7. Consider a silicon photodiode operating at 850 nm (a = 10% cm™1).

a. Calculate the area of the device if the capacitance is to be kept equal or less than 2 pF.
The relative permittivity of silicon is 11.7.

b. Calculate the maximum bandwidth of the detector when operating into 50 €2 load.

Solution: a) We estimate the width w of the depletion region as

2 2
w=—

_ _ -5

The capacitance is required to obey C' < 2 x 107'2, so

Omax =2 X 10712 (914)
r Amax _
r€0Amax _ o o 112 (0.15)
w
(2x 107w (2 x1071%)(2 x 1079) s
Amax = = = 3. 10— . .1
ereo (11.7)(8.85 x 10 1) ~ >:86x 107" m (9.16)
We can find the diameter of a circular detector from
dz.
Amax = —ﬂ— Zla’x (917)

-3
dmax = \/ e _ \/ BB 107 _ 701 10-4m = 0.701 pim . (9.18)
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The detector is very small, indeed!!

b) The maximum frequency that this detector can respond to when used with a 50
load is

1 1

-maX: = = 1. 9H = 1.591 GHz. Nl
Fros = 55 = SeEoy 10— = 1991 10" He = 1591 G 9.19)

6.8. Consider a pin diode with the following properties at 920 nm—
e Responsivity = 0.5 A/W
e Dark current = 1.0 nA
e Surface dark current is negligible
e Operating temperature = 300 K.

This diode is irradiated with a constant 80 nW of optical power (at 920 nm). Find the
signal-to-noise ratio (in dB) of the detector if it is operated into an equivalent load of 10 KQ
and a (noisefree) preamp with a bandwidth of 1 MHz.

Solution: The mean-square signal is found from
2
<i2>= (RoP)? = ((05)(8 x 107%))" =16 x 10717 A2, (9.20)

The mean-square noise current is found as

4kTB
<iy > = 20(RoP+1Ip) B+ 20Lantace B + — (9.21)
L
= 2 ((0.5)(8 % 10%) + 1 x 10—9) (1x10%) 40
+4(1.38 x 10723)(300)(1 x 109)
1 x 104
= 1.669 x 107'% A>.
The signal-to-noise ratio is
1.6 x 10719
S o LO6x10 759 198 dB. 9.22)

N~ 1.660 x 10-18

6.9. Show that the relation between the Q-parameter and S/N is

1 /s
ngﬁ. (9.23)
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Solution: Equation 5.171 can be written as

BER = 0.5 erf <%) . (9.24)
Equation 5.152 is
vSNR
BER =0.5erf | ——— | , 9.25
: ( e (9.25)
S0,
SNR

(9.26)



